1 m a r c h 2 0 1 8 | V O L 5 5 5 | N a T U r E | 7 1 LETTEr The cosmic radio-frequency spectrum is expected to show a strong absorption signal corresponding to the 21-centimetre-wavelength transition of atomic hydrogen around redshift 20, which arises from Lyman-α radiation from some of the earliest stars 1-4 . By observing this 21-centimetre signal-either its sky-averaged spectrum 5 or maps of its fluctuations, obtained using radio interferometers 6,7 -we can obtain information about cosmic dawn, the era when the first astrophysical sources of light were formed. The recent detection of the global 21-centimetre spectrum 5 reveals a stronger absorption than the maximum predicted by existing models, at a confidence level of 3.8 standard deviations. Here we report that this absorption can be explained by the combination of radiation from the first stars and excess cooling of the cosmic gas induced by its interaction with dark matter 8-10 . Our analysis indicates that the spatial fluctuations of the 21-centimetre signal at cosmic dawn could be an order of magnitude larger than previously expected and that the dark-matter particle is no heavier than several proton masses, well below the commonly predicted mass of weakly interacting massive particles. Our analysis also confirms that dark matter is highly non-relativistic and at least moderately cold, and primordial velocities predicted by models of warm dark matter are potentially detectable. These results indicate that 21-centimetre cosmology can be used as a dark-matter probe.
, x Hi is the mass fraction of neutral (that is, not ionized) hydrogen; ρ g is the gas density and ρ g is its cosmic mean value; Ω m and Ω b are the cosmic mean densities of matter and baryons, respectively, in units of the critical density (the mean density of a flat universe); h is the Hubble parameter in units of 100 km s −1 Mpc −1 ; z is the redshift that corresponds to an observed wavelength of 21(1 + z) cm and an observed frequency of 1,420/(1 + z) MHz; T CMB = 2.725(1 + z) is the CMB temperature at z; and T S is the spin temperature of hydrogen at z. T S is an effective temperature that describes the relative abundances of the ground and excited states of the hyperfine splitting (spinflip transition) of the hydrogen atom. In the absence of astrophysical radiation, this temperature is defined by collisions of the hydrogen atoms with each other and scattering of CMB photons 11 , and therefore T gas ≤ T S ≤ T CMB , where T gas is the (kinetic) temperature of the gas.
Observations of the 21-cm line can be used to probe density fluctuations 12 , cosmic reionization 13 and X-ray heating 1, 14, 15 , but the earliest observable feature from cosmic dawn is an absorption signal 1-4 that originates from the indirect coupling of T S to T gas by stellar Lyman-α photons via the Wouthuysen-Field effect 16, 17 . The first detection of a cosmic 21-cm signal was made by the Experiment to Detect the Global Epoch of reionization Signature (EDGES) 5 , which detected the signal's global spectrum from cosmic dawn and found an absorption peak at frequency ν = 78 ± 1 MHz (z = 17.2) with brightness temperature = − − + T 500 21 500 200 mK; the uncertainties represent 99% confidence intervals and include both thermal and systematic noise. This absorption signal has passed robustness tests for variations in the hardware and processing configuration. If confirmed, this signal (which is 3.8σ below −209 mK, where σ is the standard deviation; the strongest possible absorption at this frequency under standard expectations) cannot be explained without a new dark-matter interaction, even if we take exotic astrophysics into account (see Methods). Indeed, T 21 = −300 mK at z = 17.2 implies T gas < 5.1 K, whereas the lowest possible value in the standard scenario is 7.0 K. Basic thermodynamics suggests that it is easy to heat the cosmic gas but difficult to cool it. The extra cooling indicated by the data is possible only through the interaction of the baryons with something even colder.
The only known cosmic constituent that can be colder than the early cosmic gas is dark matter. The reason for this is that dark matter is assumed to interact with itself and with baryons mainly gravitationally, and so it is expected to decouple thermally in the very early Universe and cool down thereafter (very quickly if it is non-relativistic early on, as in the case of cold dark matter). Substantial electrodynamic or nuclear interactions of dark matter would be inconsistent with the observational successes of standard cosmology, including Big Bang nucleosynthesis, CMB observations and the formation and distribution of galaxies. However, weak, non-gravitational interactions are possible. There is a wide array of possibilities for how the strength of such an interaction might vary with temperature or, more specifically, with the velocity v of the scattering baryon relative to the dark-matter particle. Cosmic dawn presents unique physical conditions that can be used to probe a range of parameters that are encountered nowhere else. Specifically, at cosmic dawn, the cosmic gas is at its coldest: it was hotter before owing to its remnant thermal energy from the Big Bang and afterwards owing to X-rays and other heating radiation from astrophysical objects. Therefore, if baryon-dark matter scattering is strongest at low relative velocities, then its effect might be evident only at cosmic dawn.
The cross-section for baryon-dark matter collisions is normally expressed with respect to a relative velocity normalized by the speed of light, and is denoted σ c . Here, we express it as σ 1 , which uses a fiducial relative velocity of 1 km s −1 , similar to the typical velocities of baryons and dark-matter particles at cosmic dawn (although in some models they can be less than 0.1 km s −1 ). We adopt a v −4 dependence of the cross-section, which has often been used to illustrate a strongly increasing cross-section with decreasing velocities
Letter reSeArCH in which dark matter has a small electric charge, is probably ruled out 8, 18, 19 (see Methods), so we assume a non-standard Coulomb-like interaction between dark-matter particles and baryons that does not depend on whether the baryons are free or bound within atoms.
We calculate the thermal evolution of the baryons and the dark matter by following the exchange of energy and momentum between them 8-10 , in which their relative velocity after cosmic recombination has an important role 10 . This velocity remnant 20 arises from the fact that the motion of dark matter is determined by gravity, whereas baryons scatter rapidly off the CMB photons and move along with them in their acoustic oscillations prior to cosmic recombination. This relative velocity (also called the streaming velocity) has received attention recently owing to its effect on early galaxy formation 21 , which may produce an observable 21-cm signature 22, 23 . However, here we consider baryon-dark matter scattering that depends on the particle velocities directly, not their effect on galaxies.
The baryon-dark matter relative velocity varies spatially ( Fig. 1) , with a large-scale pattern of coherent regions 21 of about 100 Mpc across. Because the root-mean-square (r.m.s.) velocity is supersonic (decreasing from a Mach number of about 5 right after recombination to approximately 2 when the gas thermally decouples from the CMB) and the scattering cross-section (equation (2)) varies with the relative velocity, the evolution in each region depends strongly on the local value of the initial velocity 10 . At high relative velocities, scattering is weaker (at least until the relative velocity is dissipated by the scattering) and the kinetic energy of the system is partially used to heat the baryons; consequently, a higher relative velocity usually implies less cooling. The dependence of the cooling on velocity results in order-unity fluctuations of the 21-cm intensity( Fig. 1 ), which we average over (using a Maxwellian distribution for the magnitude of the relative velocity 21 ) to estimate the global 21-cm signal.
Such a calculation has been done previously 10 , but only for the dark ages, before the formation of any astrophysical sources. In that regime, baryon-dark matter scattering can yield substantial absorption (see the ν < 33 MHz part of the graph in Fig. 2 , where previously calculated curves reach a brightness temperature no lower than −70 mK). However, this is unlikely to be observable in the foreseeable future because such low-frequency observations are very difficult to obtain because of ionospheric distortions and because the Galactic synchrotron foreground 3 at ν = 20 MHz is about 40 times stronger than at ν = 80 MHz. A purely cosmological signal would disappear after the dark ages (at ν ≈ 50 MHz) because the expansion of the Universe and the cooling of the gas make the coupling of the 21-cm line to T gas (through atomic collisions) less effective than that to the CMB. This drives T S closer to T CMB and eliminates the 21-cm signal.
By combining baryon-dark matter scattering with radiation emitted from the first stars during cosmic dawn in our calculations, we find strong 21-cm absorption that can explain the feature measured by EDGES (Fig. 2) . The existence and shape of this absorption dip can be attributed to early astrophysically generated Lyman-α and X-ray radiation backgrounds; this conclusion is consistent with observations that have not detected a strong absorption signal at higher frequencies (see Methods). At the same time, the unexpectedly large depth of the 21-cm absorption indicates cosmic gas that has been cooled substantially by baryon-dark matter scattering. This suggests that only a combination of the two ideas can account for the EDGES data.
The observed 21-cm signal can be explained by considering wide ranges of dark-matter particle masses and baryon-dark matter scattering cross-sections ( Fig. 3 ). Assuming a minimum absorption of −300 mK (as measured 5 at a 99% confidence level), the dark-matter particle must be lighter than 4.3 GeV, which is well below the mass of about 100 GeV that is commonly expected for a weakly interacting massive particle. This finding is consistent with the lack of a direct detection of dark-matter particles by detectors that are sensitive to a wide range of possible weakly interacting massive particles 24, 25 . There is no lower limit on the mass except for the extreme limit derived by considering ultra-light ('fuzzy') dark matter 26 , namely, m χ ≈ 10 −31 GeV, where m χ is the mass of the dark-matter particle. The same observational result also implies that the scattering cross-section σ 1 is greater than 3.4 × 10 −21 cm 2 ; for the σ(v) ∝ v −4 model (equation (2)), this corresponds to σ c > 4.2 × 10 −43 cm 2 . Because there is no maximum cross-section, cosmic dawn observations are sensitive to an enormous part of the dark-matter parameter space (in terms of particle mass and cross-section), much of which is unavailable to other probes (see Methods).
The observed signal also places a direct limit on early-Universe scenarios in which dark matter is not completely cold, that is, has a relic thermal velocity. Because dark matter must be colder than baryons in order to cool them, if we demand it to be colder than T [17] (its temperature at z = 17), then its r.m.s. velocity at 1 + z = 1,010 must be
1 [17] . In addition, in order for the dark matter to cool the gas at cosmic dawn substantially without disrupting the CMB too much, it must reach a thermal velo city of at most a few kilometres per second at z = 17, which puts an upper limit (independent of m χ ) of about 150 km s −1 on v rms 1010 . Current limits on warm dark matter 27 allow models with m χ ≈ 3 keV, which have a corresponding v rms 1010 ≈ 10 km s −1 . Such thermal motion is very far from these upper limits but is comparable to the baryon-dark matter relative velocity, which dominates the 21-cm pattern ( Fig. 1) ; thus, it may be detected or ruled out by observations of 21-cm fluctuations. For . We consider z = 17 (ν = 78.9 MHz), where this model (with σ 1 = 8 × 10 −20 cm 2 and dark-matter particle mass m χ = 0.3 GeV) reaches its maximum global 21-cm absorption depth of −504 mK (roughly matching the most likely observed value 5 ). This astrophysical model is based on a seminumerical simulation 15 (see Methods). The spatial 21-cm-signal pattern is determined by the baryon-dark matter relative velocity left over from early cosmic evolution before recombination. b, Distribution of the baryon-dark matter relative velocity (in the same simulated volume as that shown in a, assuming adiabatic initial density fluctuations), normalized by its r.m.s. value of 29 km s −1 at 1 + z = 1,010. dark matter that is initially cold, the thermal motion generated by baryon-dark matter scattering may produce effects similar to those predicted by models of warm dark matter (see Methods).
Astronomical testing of the observed signal 5 and of its interpretation in terms of baryon-dark matter scattering will probably begin with other global 21-cm experiments, such as the Shaped Antenna Measurement of the Background Radio Spectrum (SARAS) 28 and the Large-Aperture Experiment to Detect the Dark Ages (LEDA) 29 , that will attempt to confirm the measured global signal. Additionally, upcoming 21-cm fluctuation experiments aimed at cosmic dawn will provide a definitive test because the expected spatial pattern of the 21-cm intensity should clearly display a transformed version of the spatial pattern of the baryon-dark matter relative velocity ( Fig. 1 ). Experiments such as the Hydrogen Epoch of Reionization Array (HERA) 6 and the Square Kilometre Array (SKA) 7 should be able to measure the corresponding 21-cm power spectrum because the r.m.s. fluctuation predicted by a model that assumes baryon-dark matter scattering ( Fig. 1 ) is 140 mK (the previously expected maximum value was about 20 mK). Moreover, because of its large spatial scale (of the order of 100 co-moving Mpc, which corresponds to half a degree), the fluctuation pattern should be easy to observe, so no high angular resolution is necessary. As in the case of the galaxy-driven effect of the baryon-dark matter relative velocity [21] [22] [23] , the power spectrum should show a strong signature of the baryon acoustic oscillations (of order unity in this case) because this velocity arises in part from the participation of baryons in the sound waves of the primordial baryon-photon fluid. A precision measurement at cosmic dawn of the scale of the baryon acoustic oscillations (and thus of the angular diameter distances of the corresponding redshifts) would be a useful cosmological tool to add to current constraints that are based on similar measurements from low-redshift galaxy clustering 30 . If most stars form in galactic haloes with masses lower than about 10 7 solar masses at cosmic dawn, then their spatial distribution should show a similar pattern [21] [22] [23] and be strongly anticorrelated with the baryon temperature.
The predicted spatial pattern ( Fig. 1 ) should enable 21-cm imaging of cosmic dawn with the SKA, given the expected sensitivity of the array 7 . The probability distribution function of the 21-cm intensity is expected to be a transformed Maxwellian, which is highly asymmetric, and imaging could verify this unanticipated non-Gaussianity directly. Because the presence of dark matter has historically been inferred from the general theory of relativity on galactic and cosmological scales, confirmation of the existence of dark matter would constitute not only a discovery of physics beyond the standard model, but also verification of this theory.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. The globally averaged 21-cm brightness temperature T 21 (in millikelvin) is shown at an observed frequency ν (in megahertz), with the corresponding value of 1 + z displayed at the top. We chart some of the space of possible 21-cm signals (see Methods for a discussion on their shapes) using three models (solid curves), with: σ 1 = 8 × 10 −20 cm 2 and m χ = 0.3 GeV (red; roughly matching the most likely observed value 5 of the peak absorption); σ 1 = 3 × 10 −19 cm 2 and m χ = 2 GeV (green); and σ 1 = 1 × 10 −18 cm 2 and m χ = 0.01 GeV (blue). The astrophysical parameters assumed by these models are given in Methods. The corresponding 21-cm signals in the absence of baryon-dark matter scattering are shown as short-dashed curves. Also shown for comparison (brown long-dashed line) is the standard prediction for future dark ages measurements assuming no baryon-dark matter scattering for ν < 33 MHz (matches all the short-dashed curves in this range) and the lowest global 21-cm signal at each redshift that is possible with no baryondark matter scattering, regardless of the astrophysical parameters used (for ν > 33 MHz). The minimum possible 21-cm brightness temperature T 21 (expressed as the logarithm of its absolute value) is shown at z = 17 (ν = 78.9 MHz), regardless of the astrophysical parameters used (that is, assuming saturated Lyman-α coupling and no X-ray heating), as a function of m χ and σ 1 (equation (2)). Also shown (solid black curves) are contours corresponding to the following values of T 21 (from right to left): −231 mK, which corresponds to 10% stronger absorption than the highest value obtained without baryon-dark matter scattering (−210 mK at z = 17, or 2.32 on the logarithmic scale); −300 mK, which is the minimal absorption depth in the data at a 99% confidence level; and −500 mK, the most likely absorption depth in the data. The hatched region is excluded if we assume absorption 5 by at least −231 mK at z = 17; this 3.5σ observational result implies σ 1 > 1.5 × 10 −21 cm 2 (corresponding to σ c > 1.9 × 10 −43 cm 2 for σ(v) ∝ v −4 ) and m χ < 23 GeV. (Although any m χ above a few gigaelectronvolts requires high σ 1 , this parameter combination could be in conflict with other constraints; see Methods.) If we adopt the observed minimum absorption of T 21 = −300 mK, then (again, regardless of astrophysics) the dark matter must satisfy σ 1 > 3.4 × 10 −21 cm 2 (σ c > 4.2 × 10 −43 cm 2 ) and m χ < 4.3 GeV; a brightness temperature of −500 mK implies σ 1 > 5.0 × 10 −21 cm 2 (σ c > 6.2 × 10 −43 cm 2 ) and m χ < 1.5 GeV. We also illustrate the redshift dependence of these limits via the corresponding 10% contours at z = 14 (dashed) and z = 20 (dotted).
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The measured signal and its theoretical interpretation. In this work we relied on the EDGES measurement of the global 21-cm spectrum from cosmic dawn 5 . The absorption signal was detected with a signal-to-noise ratio of 37. Moreover, the signal was observed in data spanning nearly two years and has passed many robustness tests with little change 5 . Various hardware configurations were tried, including two separately built copies of the instrument, various sizes of the metal ground plane (from 10 m to 30 m on a side), variations in the instrument's orientation and inclusion (or not) of a balun shield. Also, the processing configurations included: two independent processing pipelines (tested with simulated data); various calibration techniques and measurements; inclusion (or not) of beam and balun or ground-plane loss corrections; a four-, five-or six-term foreground polynomial or a different physically motivated five-term foreground model; various frequency intervals (51-99 MHz, 61-99 MHz or 65-95 MHz); and data collected at various sky positions of the Sun, Moon and Galaxy. The measured absorption profile is inconsistent with typical spectra of radio-frequency interference, does not appear Galactic (it is inconsistent with the absorption spectra of H ii regions or radiofrequency recombination lines and is not concentrated in the Galactic plane), and is not explained by the ionosphere (which produces a broadband absorption with diurnal variations, as shown by models and observations) or by molecular lines in the atmosphere (which are much too weak).
For the theoretical predictions, we combined a calculation of the effect of baryondark matter scattering with a simulation of the effect of the first stars on intergalactic hydrogen. We calculated the thermal exchange between baryons and dark matter by following the evolution of the baryon-dark matter relative velocity (equation (20) in ref. 10 ) and including heating and cooling terms related to scattering (equations (18) and (19) of ref. 10, using also equations (13), (14) and (16) of the same paper). We treated the baryons as equal-mass particles with 1.22 times the proton mass (which is the mean molecular mass of neutral primordial gas), whereas in ref. 10 one proton mass is used. Thus, equation (2) effectively represents the cross-section of the scattering between dark matter and an average baryon. In reality, the treatment of helium is probably complicated and highly modeldependent 8 . We started our calculation at kinematic decoupling (1 + z = 1,010), as in previous calculations 10 , and we confirmed that starting earlier would not affect our results much at lower redshifts.
In addition to baryon-dark matter scattering, at each redshift we included spatially uniform backgrounds of astrophysical radiation of the three types that are important in 21-cm cosmology (Lyman-α photons, X-rays and ionizing photons). More precisely, we used the volume-averaged values of Lyman-α coupling (before low-temperature corrections), the rate of heating due to X-rays and the ionized fraction, all taken from a semi-numerical simulation 15, 31 with astrophysical parameters chosen to illustrate absorption dips that are consistent with the observed signal. In the model used to obtain the results shown in Fig. 1 and the red curve in Fig. 2 , star formation occurs only in haloes that allow atomic cooling and with an efficiency of f * = 1.58%, and X-rays normalized on the basis of low-redshift observations are emitted with a soft power-law spectrum. The green curve in Fig. 2 is obtained with the same model, except that the efficiency of the production of Lyman-α photons is 10 times higher. The model that gives the blue curve in Fig. 2 assumes the same parameters as the model that obtains the red curve but considers an efficiency of f * = 0.5% and assumes that star formation occurs in haloes that allow molecular cooling. Moreover, it considers an X-ray efficiency 4 times higher than that of the model of the red curve and an X-ray spectrum that extends down to 0.1 keV instead of 0.2 keV. Astrophysical radiation fields are expected to vary spatially, leading to 21-cm fluctuations during cosmic dawn due to Lyman-α fluctuations 32 and X-ray heating fluctuations 33 ; these are sizeable and potentially observable. However, we neglected these fluctuations here because of the much larger ones that result from baryon-dark matter scattering. Throughout the analysis, we assumed the known values of the cosmological parameters 34 , Ω m = 0.307, Ω b = 0.0482 and h = 0.678.
In most of the model space, the theoretically predicted dip in the cosmic-dawn absorption curve shown in Fig. 2 is well fitted by a simple Gaussian (although for the blue solid curve in Fig. 2 , this is true only for the deepest portion of the absorption feature). The measurement of ref. 5 favours a different flattened-Gaussian shape but systematic variations in the hardware configuration weaken this conclusion. In figure 2 of ref. 5, two of the six plotted best-fit profiles and residuals are not very flattened. The data fits show an anticorrelation between the degree of flattening and the absorption amplitude; low flattening (as suggested by the theoretical models) favours high amplitudes of around 1,000 mK.
Strongest possible absorption without baryon-dark matter scattering.
A measurement of stronger-than-expected absorption is evidence of the existence of dark matter, as such absorption cannot be produced without baryon-dark matter scattering. In the standard picture, the best-case scenario for producing strong 21-cm absorption is to assume no reionization (x Hi = 1 in equation (1)), saturated coupling (T S = T gas ) and no astrophysical heating. In this case, the gas at high redshifts is colder than the CMB because its adiabatic cooling is faster. However, the baryons are thermally coupled to the CMB through Compton heating until z ≈ 150. This well understood phenomenon yields 35 a strongest possible absorption signal (regardless of the uncertain astrophysics at high redshift) of T 21 = −209 mK at ν = 78 MHz. We note that this maximum possible absorption is an extreme value (in the standard case without baryon-dark matter scattering) that would not be considered very likely. Models with various astrophysical parameter values 31 predict T 21 values at ν = 78 MHz that range from −209 mK up to positive values, with most of them between −150 mK and −50 mK. More generally, the most negative global 21-cm signal at each frequency that would be possible with no baryondark matter scattering (regardless of the parameters of high-redshift astrophysics) is shown (at ν > 33 MHz) by the brown long-dashed curve in Fig. 2 .
We consider various ideas for increasing the absorption without baryon-dark matter interactions. Fluctuations in the gas density ρ g affect the 21-cm signal, as the absorption strength is proportional to ρ g . However, adiabatic heating with ρ ∝ / T gas g 2 3 counteracts this and leads to only a small increase in the absorption in overdense regions, whereas in the voids these factors combine to weaken the overall absorption. Actually, linear fluctuations are symmetric and cancel out when averaged globally over overdense and underdense regions. To change the observed global signal, nonlinear fluctuations are needed. The regime of mildly nonlinear density fluctuations is well understood, as it corresponds to the sheets and filaments of the cosmic web that successfully explain 36 the observed properties of the Lyman-α forest at z = 2-5. At cosmic dawn, the Universe was probably much more homogeneous than at z = 2-5 and had less-nonlinear density fluctuations because gravity had not had as much time to drive the growth of fluctuations. Nevertheless, even if we were to assume that somehow the density fluctuations corresponding to the Lyman-α forest were already in place at z ≈ 20, this still would not produce a larger absorption signal than in the absence of such density fluctuations. To check this quantitatively, we assume the best case of T S = T gas and adiabatic heating and cooling, and we average the 21-cm brightness temperature over the density distribution at z = 2-6 in simulations that match Lyman-α observations 37 . The result is a weaker average absorption than would occur in the absence of density fluctuations. More evidence that density fluctuations do not produce unusual absorption comes from numerical simulations of the Universe at cosmic dawn; these have been run on various volumes and at various resolutions [38] [39] [40] , and none of them has predicted a stronger globally averaged absorption signal than the simple limit shown by the brown long-dashed curve in Fig. 2 .
Under standard cosmology, the total gas fraction within virialized haloes at z = 20 is expected to be below 1% because the intergalactic gas can only collect in haloes of mass at least equal to the filtering mass 41, 42 of about 3 × 10 4 solar masses. We can consider, though, an exotic scenario where unexpectedly large density fluctuations on small scales would produce a much larger abundance of early haloes. This would not produce more absorption either. The lowest T gas at z = 20 in the standard scenario is about 9 K at the cosmic mean density. As the gas is heated adiabatically, it reaches the CMB temperature (57 K at z = 20) at an overdensity of 16. After that point it contributes extra emission, not absorption. When the gas enters a virialized halo, it is probably shock-heated. If it cools efficiently, primordial cooling via molecular hydrogen is effective only down to temperatures of a few hundred kelvin and, in any case, efficient cooling probably leads to star formation and even more heating. We also note that the 21-cm optical depth of the coldest-possible gas (without baryon-dark matter scattering) is τ 21 ≈ 10% at the mean density at z = 20; this varies as τ ρ ρ ∝ / ∝ / T 21 g gas g Letter reSeArCH substantially. These inputs are strongly constrained by the success of standard cosmology in fitting observations of the CMB plus low-redshift observations. Proposed exotic astrophysics or physics concepts-such as unexpected populations of stars or black holes, or dark-matter annihilation or decay-also cannot explain the stronger absorption. Such scenarios would generate extra ultraviolet, X-ray or γ-ray radiation, which would generate more heating as well as more ionization (which would lower x Hi and also boost the Compton heating of the gas). Also, Lyman-α coupling cannot be stronger than the saturated coupling limit (T S = T gas ) that we have considered here. Astrophysical considerations and implications. While the detailed parameters of the astrophysical sources at high redshift are highly uncertain, strong 21-cm absorption is a generic prediction. A scan through a wide range of currently plausible astrophysical parameter values 31 (without baryon-dark matter scattering) shows that all models feature an absorption dip at cosmic dawn 14 , which is produced (in the direction of increasing ν) by a fall (that is, increasing absorption) due to increasing Lyman-α coupling, followed by a rise caused by increasing X-ray heating (or due to reionization in models with late X-ray heating). The depth of the absorption dip 31 is in the range −240 mK < T 21,min < −25 mK, and its position is in the range 52 MHz < ν min < 120 MHz (corresponding to 11 < z min < 26.5).
Once baryon-dark matter scattering is included, the observed global 21-cm signal is determined by the complex interplay of this scattering with astrophysics. For example, in the large region ( Fig. 3 ) of low m χ and high σ 1 that is allowed, the initial cooling due to baryon-dark matter scattering can be extremely effective and lead to global 21-cm absorption as strong as −600 mK in the dark ages (but only at very high redshifts, higher than 100). In these models, the gas is so cold that Lyman-α coupling is delayed owing to low-temperature corrections (discussed below), and cosmic heating is also delayed because X-ray heating must initially counteract the baryon-dark matter cooling. In this region of parameter space, astrophysical models can be chosen to produce an absorption peak position and depth that agree with the data 5 , but detailed parameter constraints require full consideration of the large variety of possible astrophysical parameters, which we leave for future work. We also note that a very high σ 1 would tend to suppress the baryon-dark matter relative velocity and, with it, the associated fluctuations (discussed in the main text); although the normal 21-cm fluctuations due to inhomogeneous galaxy formation would be enhanced in proportion to the (unexpectedly large) absolute value of the mean global signal.
The observed global 21-cm signal 5 represents the first detection of some of the earliest stars. The location of the peak absorption at z ≈ 17 is not surprising, but it considerably narrows down astrophysical parameters that were previously almost unconstrained. In general, the maximal absorption corresponds to the late stages of Lyman-α coupling, together with the early stages of X-ray heating. The observed timing of these astrophysical cosmic milestones is well within the expected range of astrophysical parameters 31 , which further supports the dark-matter-cooling interpretation, as there is no indication of exotic astrophysics. Interestingly, this early heating is also consistent with limits (obtained from 21-cm observations during the epoch of reionization) on both the global and fluctuation signals 28, 43, 44 , which disfavour strong absorption at low redshifts (such absorption is expected in the case of late heating). Indeed, the detected signal implies that future 21-cm observations should focus on cosmic dawn, where the 21-cm signal (both the global signal and the power spectrum) is probably much stronger than previously expected, and not on the later era of cosmic reionization, which has been the focus thus far 28, [43] [44] [45] [46] [47] and where the signal strength is probably in the lower part of the previously expected range.
The Lyman-α coupling of the 21-cm line is known to become less effective when the gas temperature is low 4,48-51 . In the previously standard case, these lowtemperature corrections amount at most to a 20% reduction in the coupling at any redshift 4 . With the lower gas temperatures encountered in the case of substantial baryon-dark matter scattering, however, the low-temperature corrections can reduce the coupling by an order of magnitude or more, delaying strong Lyman-α coupling and greatly changing the global 21-cm signal. Indeed, in some models the gas temperature is so low (<0.1 K) that these low-temperature corrections (as well as additional basic physics of 21-cm cosmology) may need to be re-assessed. Furthermore, the standard expression for the 21-cm signal (equation (1)) is a linearization that assumes a low 21-cm optical depth (a valid assumption if there is no baryon-dark matter scattering), but here we encounter high optical depth values and thus use the more general expression 1 . Lyman-α scattering can also affect the thermal state of the cosmic gas; for almost all reasonable astrophysical parameters 49, 52 , heating due to continuum photons dominates over cooling from injected photons (for gas below about 100 K) and the heating rate is weak compared to that of X-ray heating.
Substantial baryon-dark matter scattering would also influence the formation of the first stars. The lower gas temperature would reduce the Jeans mass, and the dissipation of the baryon-dark matter relative velocity would reduce its suppression effects on star formation. Both of these effects would boost star formation relative to the case of no baryon-dark matter scattering, but their impact might be limited because of the large time scales needed for galaxy formation. Baryon infall into dark-matter haloes begins at recombination, and for most dark-matter parameter values it takes some time until the baryon-dark matter scattering has a considerable effect. We have neglected effects on galaxy formation in this work because they are dwarfed by the direct effect of excess gas cooling on the 21-cm signal. The range of dark-matter properties that can be probed by cosmic dawn observations. The dark-matter parameters that affect 21-cm cosmology are shown in Fig. 3 , but it is important to understand the basic physics behind these constraints. In particular, we can understand why there is an upper limit on the mass of a dark-matter particle that can cool cosmic baryons by considering the maximum possible cooling. As mentioned previously, baryons thermally decoupled from the CMB at z ≈ 150. In the presence of baryon-dark matter scattering, by that time the dark matter had acquired a non-zero temperature T χ ; however,
T gas is required for maximum cooling of the baryons at this time. For cooling to occur, the two fluids must be strongly coupled after the baryons thermally decouple, so that the baryons share some of their energy with the dark matter. The most that such coupling can achieve, if it is strong, is a thermal equilibrium, at which both the baryons and the dark matter have a common (time-dependent) temperature T fin . Then at a given time, the relation between the baryon temperature T gas in the absence of baryon-dark matter scattering and the lowest possible temperature T fin with scattering is given by conservation of energy (per unit volume) as where n b and n χ are the number densities of baryons and dark matter, respectively, ρ b and ρ χ are the corresponding (mean) densities, μ b is the mean baryonic mass and m χ is the mass of a dark-matter particle. Although we have neglected the effect of the initial baryon-dark matter relative velocity, the kinetic energy associated with it would only produce more heating. As an example, to reach T 21 = −300 mK at z = 17 (the current limit at 99% confidence 5 ), the simple estimate in equation (3) yields a maximum possible m χ of 16 GeV. In reality, the cooling never reaches the best-case scenario assumed in this simple estimate, and we find an actual maximum mass of 4.3 GeV (see Fig. 3 ).
There is no lower limit on the mass of the dark-matter particle that can affect the 21-cm signal, because the cooling rate becomes independent of m χ when μ χ m b . In that limit, the energy lost by a baryon per collision (at a given baryon-dark matter relative velocity) is proportional to m χ and the scattering rate is proportional to n χ σ 1 ; therefore, the total cooling rate is proportional to ρ χ σ 1 , where ρ χ is the known mean density of dark matter. Thus, a substantial interaction requires a minimum σ 1 that is independent of m χ when μ χ m b (Fig. 3 ). We note that the enormous range of particle masses (as well as scattering cross-sections) that are potentially detectable by cosmic dawn observations can be considered an argument that such a detection is not an unreasonable possibility.
The dependence of the effectiveness of the baryonic cooling on the baryon-dark matter scattering cross-section is non-trivial. A higher cross-section means that more of the thermal energy of the baryons can be transferred to the dark matter; on the other hand, it also implies that the dark matter warms up earlier on, before thermal decoupling of the gas from the CMB, which reduces the ability of the dark matter to later cool the gas. There is even a region (for example, σ 1 = 2 × 10 −18 cm 2 and m χ = 100 GeV; see Fig. 3 ) where the baryon-dark matter interaction causes a small net baryonic heating due to another effect, namely, the transfer of kinetic energy from their relative velocity to the random gas motions. In the limit of very low m χ and very high σ 1 (the top-left portion of Fig. 3 ), the absorption (which is defined with respect to the CMB at zero redshift) approaches its maximum possible value, namely, the CMB temperature of 2.725 K.
Another issue is the effect of baryon-dark matter scattering on the dark matter. According to equation (3), the maximum velocity dispersion, v χ , of the dark matter (even if it is initially completely cold) relative to the velocity dispersion of the gas, v b , in the absence of baryon-dark matter scattering is: In reality, the dark matter can have a velocity dispersion that is very different at a given time from that corresponding to T fin of equation (3). A higher v χ can be caused by memory of earlier times-in particular, of the higher temperature of the gas when it was thermally coupled to the CMB-because after decoupling the dark matter may not be able to cool fast enough to forget its history effectively (the fastest it can cool is adiabatically). Later, once X-rays (and eventually reionization) heat the gas, v χ can remain low even when v b rises, as the increasing v b weakens the baryon-dark matter scattering (assuming the σ(v) ∝ v −4 model). Numerically, we find that v χ decreases with time but the matter power spectrum may be suppressed by the thermal velocity that exists at high redshifts, when linear growth critical for the later emergence of structure occurs. This may offer a way to alleviate the small-scale crisis of cold dark matter (that is, the model's difficulties in matching the observed properties of dwarf galaxies) that has led to models such as those of warm dark matter and fuzzy dark matter 26, 27, 53 , and can help to set upper limits on the baryon-dark matter cross-section 8 . Allowed models of warm dark matter have v rms ≈ 5 km s −1 at z = 500, so we estimate that models with a similar v χ at that redshift may also have a considerable effect on the Lyman-α forest or on dwarf galaxies at low redshift. In regions with zero initial streaming velocity, this value of v χ occurs for σ 1 ≈ 10 −18 cm 2 as long as χ m 1 GeV (the σ 1 required rises by a factor of 10 for m χ = 1 GeV); if σ 1 is ten times lower, then v χ drops to 2 km s −1 at z = 500.
We have assumed throughout this work that σ(v) ∝ v −4 but the velocity dependence of the cross-section can be explored with future 21-cm data. Further global 21-cm measurements may help but will probably not resolve the degeneracies between the dark-matter parameters (cross-section amplitude, velocity dependence and particle mass) and the astrophysical parameters (the X-ray spectrum and the normalization and redshift evolution of the various radiation backgrounds, as determined by parameters related to galaxy formation). Detailed measurements of 21-cm fluctuations, including the 21-cm power spectrum, would provide much more information. For example, the level of the fluctuations caused by the spatially varying baryon-dark matter relative velocity ( Fig. 1 ) depends directly on how rapidly the scattering cross-section varies with velocity. In this regard, it is important to note that while in this study we have focused on the global 21-cm signal, the corresponding 21-cm fluctuations are also (over most of the parameter space shown in Fig. 3 ) much larger than would be expected in the absence of baryon-dark matter scattering. A more advanced test of σ(v) ∝ v −4 would be a comparison with a measurement of the signal during the dark ages (Fig. 2) , which would involve different velocities and would provide constraints independent of astrophysics. However, even the proposed Dark Ages Radio Explorer (DARE) satellite 54 is planned to perform measurements only at frequencies greater than 40 MHz, whereas the predicted absorption signal from the dark ages is expected at 10-30 MHz. Dark-matter millicharge and other dark-matter models. We have assumed a relatively simple model for the dark matter and its interactions with ordinary matter. However, this model is only an illustration; the EDGES data suggest a low-velo city baryon-dark matter interaction, but do not yet determine the specific form of this interaction. If the measured signal is confirmed and 21-cm cosmology becomes a dark-matter detector, then a wide range of candidate dark-matter models will need to be re-assessed. Examples include models that describe the interaction of dark matter with electrons 55, 56 and interactions (with either baryons or electrons) that depend on whether standard-model particles are free or bound within atoms, models in which the dark matter consists of multiple components so that only a fraction of the particles interact with baryons, and models in which dark matter also self-interacts 57 . We add here a few notes on these possibilities. Dark-matter interactions with electrons are currently constrained 56 to lower masses than for interactions with baryons. Also, the formation of atoms obviously affects the motion of electrons much more than that of the baryons. Thus, although an interaction with baryons may not change much at recombination (as long as the interaction is not electromagnetic), one with electrons would be more likely to change, in a complex and model-dependent way. Now, any interaction that is strong only with free protons or electrons decreases in proportion to the residual electron or proton fraction after cosmic recombination. This means that the effect of dark-matter scattering on baryon cooling during cosmic dawn is suppressed relative to the effect on the CMB by a factor of about 5,000. At a temperature of 5 K (indicated by the EDGES data at z = 17.2, as noted in the main text), the r.m.s. velocity of baryons is about 0.3 km s −1 , which is lower than the velocity at cosmic recombination by a factor of about 25. For a v −4 model, this makes the cross-section larger by a factor of approximately 500,000. Still, the cooling takes time and is unlikely to be effective unless it begins at velocities well above 1 km s −1 . Thus, this type of model might be ruled out by CMB observations, which are very constraining, even for the model that we assumed in this work (see the next section).
It is interesting to consider the specific dark-matter millicharge model 8, 18, 19, 58, 59 that naturally yields a v −4 cross-section. In this case, the dark matter has a (small) standard electric charge. Considering only the interaction with protons and the aforementioned suppression factor of 5,000, the minimum dark-matter charge (relative to that of the electron) that would be required to produce the cooling indicated by the EDGES data is ε ≈ 10 −6 . The interaction with electrons can also be considerable if the dark-matter mass is well below 1 GeV, which might allow substantial cooling with values of ε as low as about 10 −8 . However, the entire range of relevant values may already be ruled out: owing to its interaction with Galactic magnetic fields, millicharge dark matter should have been evacuated from the Milky Way disk (and also blocked from re-entering) if 18, 19 ε However, multiple measurements indicate a non-zero local dark-matter density near the Sun 60 , roughly consistent with the expected density from the Milky Way's dark-matter halo. This contradicts the idea that the dark matter was evacuated from the disk and thus rules out the existence of millicharge dark matter over a wide range of parameters (we note that this argument has not been made previously). Furthermore, CMB constraints 8,19,59 yield a conservative upper limit of ε ≈ 4 × 10 −6 [m χ /(1 GeV)] 1/2 . These observational constraints combine to exclude ε > 10 −11 [m χ /(1 GeV)] at all relevant values of m χ , and this excludes the possibility of substantial cooling at cosmic dawn. The dark-matter millicharge model may be similarly (but independently) ruled out on the basis of the effect that the interaction of dark matter with magnetic fields would have on the dark-matter distribution in galaxy clusters 61 . These constraints all rely on the presence of the electric millicharge directly, while if other properties are assumed (for example, related to the darkmatter annihilation properties), other stringent constraints would also apply 58, 59 .
Comparing cosmic dawn constraints to other limits on baryon-dark matter interactions. The comparison between cosmic dawn observations for dark-matter detection and constraints from direct detection, accelerators and various astrophysical phenomena is model-dependent. Here we adopt the σ(v) ∝ v −4 model, in which case the parameter spaces of the various approaches overlap, and other searches may be able to detect or rule out a dark-matter particle that is consistent with the 21-cm observations at cosmic dawn. However, a more complex interaction-for example, based on a bound state or resonance that is important only at low velocities-could invalidate any such comparison and make cosmic dawn observations a unique probe. Additional model dependence enters some of the comparisons that involve assumptions about dark-matter annihilation or the spin dependence of the baryon-dark matter scattering. Limits on the v −4 model have been derived previously 19 , with the strongest limits based on CMB observations (plus a slight improvement from including clustering based on Lyman-α forest data) 8 . However, the 95% confidence limit equivalent to σ 1 < 2 × 10 −19 [m χ /(1 GeV)] cm 2 was derived only for χ m m H . This calculation must be re-done for lower m χ and fixed more generally to properly include the spatial variation of the baryon-dark matter relative velocity, which would introduce a CMB pattern that may be partially correlated with the standard one. Here we estimate a very rough correction for low dark-matter masses. In the limit of strong coupling (so that the gas and dark matter have the common temperature of equation (3)), including the contribution (neglected in the above limit) of the dark matter to the relative thermal velocity and assuming that the limit is proportional to v −4 gives a modified limit of σ 1 < 2 × 10 −19 (m χ /GeV) × [1 + (μ b /m χ )] 2 cm 2 . Nevertheless, if the coupling is not strong, then T χ < T gas and the correction factor may be smaller. We conclude that CMB limits may complement the 21-cm signal by imposing useful upper limits on σ 1 , but these limits must be carefully re-calculated. There is also a limit on the baryon-dark matter scattering from spectral distortions of the CMB 55 , but these distortions occur at rather high redshifts (and thus high velocities) so are probably not important (and have not been considered) for a cross-section that peaks at low velocities, such as that of the σ(v) ∝ v −4 model.
Another possibility (related to the earlier discussion about the dark-matter velocity dispersion) is that between matter-radiation equality and recombinationa period when fluctuations normally grow in the dark matter but not the baryonsthe baryon-dark matter coupling might suppress the growth of fluctuations in the dark matter; this effect could be consistent with CMB observations but also important for the power spectrum at low redshift.
A different limit on baryon-dark matter interactions comes from experiments that attempt to detect dark-matter scattering directly with target nuclei in the laboratory. Assuming typical Milky Way halo speeds, with velocities of about 200 km s −1 , the minimum cross-section σ 1 = 3.4 × 10 −21 cm 2 required for the cosmological 21-cm effect (Fig. 3) translates (in a v −4 model) to σ(200 km s −1 ) > 2 × 10 −30 cm 2 . This is in the range of cross-sections that are hard to probe with underground detection experiments because at such crosssections dark-matter particles are expected to lose most of their energy in the Earth's crust before reaching the detector 62 . The Cryogenic Rare Event Search with Superconducting Thermometers (CRESST) underground experiment is Letter reSeArCH most relevant to the 21-cm parameter region, although it constrains only relatively high masses. At m χ = 1-5 GeV, it rules out (assuming spin-independent interactions throughout this discussion) values of σ(200 km s −1 ) between 10 −37 cm 2 and (2-3) × 10 −31 cm 2 (the upper limit varies with m χ ), although the limit might change when re-calculated for a v −4 model (because the particles slow down as they scatter within the Earth). Therefore, experiments above the Earth's surface are more advantageous. A 1987 balloon experiment has ruled out m χ > 2-3 GeV (the precise limit depends on uncertainties in the velocity distribution of the darkmatter halo) 62, 63 . The rocket-based X-ray Quantum Calorimetry (XQC) experiment has excluded 64 σ(200 km s −1 ) > 1 × 10 −29 cm 2 for m χ > 0.5 GeV. The limits from all such experiments on lower dark-matter particle masses are quite weak, although this could change with new techniques 65, 66 .
A much stronger limit comes from the flip-side of the mentioned Earth interactions. The scattering of dark-matter particles within the Earth would heat it too strongly 67, 68 unless σ(200 km s −1 ) < 10 −32 (GeV/m χ ) cm 2 , which is valid for m χ values up to a few GeV; this implies that explaining the observed 21-cm signal at cosmic dawn requires m χ < 5 MeV. However, the Earth-heating constraint relies on some assumptions regarding dark-matter annihilation. Also, this and all the above direct detection limits on σ would be 3-4 orders of magnitude lower for spin-dependent interactions 62, 68 , whereas cosmic scattering with hydrogen would remain just as strong for such an interaction, given hydrogen's nuclear spin of I = 1/2 (note that 4 He would not contribute). In the case of a spin-dependent interaction, there might also be a direct effect of the dark-matter interaction on the spin temperature of hydrogen.
Because the collision energies in high-energy particle accelerators are typically orders of magnitude greater than 1 GeV, we assume that the relevant crosssection is σ c . Accelerators may probe some of the parameter space that is relevant for 21-cm cosmology, but the limits depend strongly on the precise interaction type and nature of the dark-matter particle 66, 69 . The proposed Search for Hidden Particles (SHiP) experiment at CERN has been motivated by the many possible physical mechanisms for producing very weakly interacting dark-matter particles in the MeV-GeV mass range 69 ; cosmology may now provide additional impetus.
Astrophysical constraints on baryon-dark matter interactions are generally weaker than those we have considered here 67 . The most important limit, from cosmic rays, is often quoted as σ(200 km s −1 ) < 8 × 10 −27 [m χ /(1 GeV)] cm 2 , but this is valid only for large m χ values (greater than about 100 GeV), and the limits on dark-matter particle masses in our range of interest are far weaker 70 .
We again emphasize that we have assumed a v −4 dependence of the baryondark matter scattering cross-section, and any modification of this relation would have a major effect on the above comparisons of the cosmological signal with the various limits on baryon-dark matter interactions (as would other extensions of the parameter space, such as allowing only a fraction of the dark matter to scatter with baryons). Also, previous constraints have often been derived for a velocityindependent cross-section and must be carefully re-assessed for the case of a strong velocity dependence. The constraints on the dark-matter particle derived from the condition that it has the required relic cosmic density are model-dependent, as they depend on the annihilation cross-section (for thermal production) or the detailed production mechanism (for non-thermal production). If we assume an annihilation cross-section as expected for the weak interaction and a similar baryon-dark matter cross-section at relativistic velocities (so that σ c ≈ 10 −36 cm −2 ), then the 21-cm signal suggests a dependence closer to v −3 than to v −4 .
Finally, we note that after this Letter was submitted, limits on baryon-dark matter scattering were derived 71 from low-redshift observations of the temperature of the intergalactic medium, based on the Lyman-α forest at z ≈ 5. These limits are at relative velocities of about 10 km s −1 , similar to the CMB limits discussed above. The derived upper limit of σ c = 3 × 10 −38 cm 2 for a v −4 model (for χ m 1 GeV) is about five orders of magnitude greater than the minimum cross-section implied by the 21-cm signal at cosmic dawn, and it is stronger than the above CMB limit only for m χ lower than about 1 MeV (although, as noted, the CMB limit must be carefully revised). Also, the low-redshift limit is uncertain because it depends on the history of photoheating of the intergalactic medium; the latter depends on the spatial and temporal distribution of the spectrum of ionizing sources, the distribution of Lyman-limit absorbers and the after-effects of inhomogeneous reionization, all of which are incompletely known. In the low-redshift probe, astrophysical heating is partly degenerate with baryon-dark matter interactions, and there is no unambiguous sign of dark matter similar to the excess absorption signal during cosmic dawn. Code and data availability. We have opted not to make the code available because the calculations are based on the combination of published results on baryon-dark matter scattering 10 with our cosmic dawn numerical simulation code, the details and advantages of which have been described previously 15 . Confirmation of our basic results can be achieved by modifying other cosmic dawn codes, including publicly available ones 72 . The datasets generated or analysed in this study are available from the corresponding author on reasonable request.
